C hronic obstructive pulmonary disease (COPD) patients may develop hyperinflation and intrinsic positive end-expiratory pressure (PEEPi) (1) (2) (3) . This is more likely to occur during exercise when the respiratory rate is increased (4, 5) , which results in a major increase in the inspiratory work of breathing and, consequently, may limit exercise capability.
The application of continuous positive airway pressure (CPAP) at the airway opening has been shown to decrease the inspiratory work of breathing in patients with expiratory airflow limitation and PEEPi (1) . During exercise, O'Donnell et al (6) showed that the application of CPAP in COPD patients resulted in a significant increase in exercise endurance and reduced dyspnea.
We have previously shown that continuous negative pressure (CNP) is equivalent to CPAP in acutely ill patients with COPD in the intensive care unit (7) . We reasoned that CNP around the chest wall might reduce PEEPi and thereby increase exercise capability in COPD patients. Instead of CPAP reducing the threshold load in patients with PEEPi (Figure 1 ), CNP would cause the PEEPi to be closer to atmospheric pressure (Figure 1 ). The advantage of CNP over CPAP would be that the patient might be able to walk without a tight-fitting mask applied to the face.
For the present pilot study, we constructed a lightweight shell and jacket to surround a patient's chest wall and applied CNP underneath the shell while the patient exercised. We compared results in the same patient exercising with and without the shell, and with a sham negative pressure.
METHODS
Eight hospitalized patients (six men and two women) were recruited to participate in the study. All patients had been admitted for an exacerbation of COPD. All patients had improved at the time of the study and were close to being discharged. Patients with cardiac disease were excluded, as were patients with illnesses that limited them from exercising (eg, arthritic or neurological diseases). The protocol was approved by the hospital's ethics committee and written consent was obtained from each patient before they entered the study.
A lightweight (0.90 kg), hard shell with a front door (to allow the patient to enter the shell) was constructed. The shell surrounded the patient from just under the axilla to the upper abdomen and was held in place by shoulder straps. To create an airtight seal, a commercially available nylon jacket (90 g) was used over the shell. A hole in the front of the jacket and the shell facilitated connection to a suction port so that originAl Article ©2011 Pulsus Group Inc. All rights reserved RK Chaturvedi, A Zidulka. Use of continuous negative pressure around the chest increases exercise performance in chronic obstructive pulmonary disease patients: A pilot study. Can Respir J 2011;18(1):e6-e9.
BACKgROUnD:
Patients with severe chronic obstructive pulmonary disease (COPD) often have intrinsic positive end-expiratory pressure. Continuous positive airway pressure has been shown to decrease the inspiratory work of breathing and increases exercise capacity in these patients. OBJECTivE: To determine whether continuous negative pressure (CNP) around the chest is able to bring the positive end-expiratory pressure closer to atmospheric pressure, thereby reducing the threshold load and increasing exercise capability. METHODS: A pilot study was undertaken with eight COPD patients who had been hospitalized for exacerbation and were close to discharge. For CNP, a shell (around the thorax from under the axillae to the mid abdomen) and wrap were used. Each of the eight patients was assessed with a 6 min walk test in three modes (in randomized order) with 30 min of rest in between: a control walk with no shell or wrap; a sham CNP in which the applied CNP was negligible; and CNP, with pressure chosen by the patient that provided maximal relief of dyspnea at rest. RESUlTS: At the end of each of the 6 min walk tests, there was no difference in heart rate, oxygen saturation or level of dyspnea among the three test modes. Respiratory rate was reduced with CNP compared with sham. The patients walked furthest with CNP compared with control (mean ± SD) (313±66.2 m versus 257±65.2 m; P<0.01) and compared with sham. COnClUSiOnS: In the present pilot study, COPD patients improved their exercise performance with CNP.
Key Words: 6 min walk test; Continuous negative pressure; Continuous positive airway pressure; Exercise performance l'utilisation de la pression négative continue autour du thorax accroît le rendement à l'exercice chez les patients atteints de maladie pulmonaire obstructive chronique : une étude pilote HiSTORiQUE : Les patients atteints de maladie pulmonaire obstructive chronique (MPOC) ont souvent une pression positive intrinsèque en fin d'expiration. Il est démontré que la pression positive continue réduit le travail inspiratoire et accroît la capacité à l'exercice chez ces patients. OBJECTiF : Déterminer si la pression négative continue (PNC) autour du thorax peut rapprocher la pression positive en fin d'expiration de la pression atmosphérique, réduisant ainsi la charge seuil et accroissant la capacité à l'exercice. MÉTHODOlOgiE : Les chercheurs ont entrepris une étude pilote auprès de huit patients atteints de MPOC hospitalisés en raison d'une exacerbation et qui devaient bientôt obtenir leur congé. Pour susciter la PNC, ils utilisaient une coquille (autour du thorax, entre les aisselles et le milieu de l'abdomen) et des bandages. Chacun des huit patients était évalué dans le cadre d'une épreuve de marche de six minutes reprise de trois façons (dans un ordre aléatoire) séparées par une période de repos de 30 minutes : une marche témoin sans coquille ni bandage, une PNC placebo au cours de laquelle la PNC appliquée était négligeable et une PNC dont la pression était sélectionnée par le patient afin d'assurer un soulagement maximal de la dyspnée au repos. RÉSUlTATS : À la fin de chaque épreuve de marche de six minutes, on ne remarquait pas de différence de fréquence cardiaque, de taux de saturation en oxygène ou de dyspnée dans les trois modes de l'épreuve. La fréquence respiratoire était moins élevée avec la PNC qu'avec un dispositif placebo. Les patients parcouraient une plus grande distance avec la PNC que les sujets témoins (moyenne±ÉT) (313±66,2 m par rapport à 257±65,2 m; P<0.01) et que ceux qui utilisaient un dispositif placebo. COnClUSiOnS : Dans la présente étude pilote, les patients atteints de MPOC ont amélioré leur rendement à l'exercice grâce à la PNC. negative pressure could be created under the shell. As the suction was applied, the nylon jacket was sucked against the body to make the shell air-tight at the neck, waist and arms. CNP was produced by a modified ventilator (Thompson MV Maxivent, Puriton-Bennett Corporation, USA). With the use of a catheter and pressure transducer, the suction pressure under the shell during the application of CNP was measured.
Patients were initially tested at rest with different levels of negative pressure to determine the amount of negative pressure that was most comfortable for breathing. Negative pressures ranging from 0 cmH 2 O to −40 cmH 2 O (in increments of 5 cmH 2 O) and from −40 cmH 2 O to 0 cmH 2 O were applied under the shell and jacket. Approximately four breaths were allowed at each level of negative pressure. The pressure at which the patient was most comfortable breathing at rest was chosen to perform the 6 min walk test.
To determine whether a change in the level of functional residual capacity (∆FRC) occurred at rest with the application of the most comfortable CNP, a bag-in-a-box system with a spirometer (8) was used and tidal volume was measured. While the patient was breathing quietly at rest, CNP was suddenly applied. The ∆FRC was recorded as the change in the end-expiratory level (using the slope of the curve of FRC pre and post CNP application). In addition, the inspiratory capacity (IC) was measured with and without the application of CNP in the steady state and any change (ie, ∆IC) was noted.
The patients then underwent three 6 min walks tests: control without shell and jacket; shell and jacket worn with a sham CNP of -2 cmH 2 O applied; and shell and jacket worn with the most comfortable CNP applied. The order of these three walk tests was randomized for each patient. There was 30 min of rest between each of the 6 min walks. Two of the patients received oxygen at rest; the same level of administered oxygen was maintained during their 6 min walk test. No bronchodilators were given for 1 h before nor once the 6 min walk tests were started.
The 6 min walk test was conducted in an unblinded fashion in a hospital corridor with the patient walking back and forth between two markers 32 m apart. To maintain the negative pressure under the shell, an investigator walked behind the patient with the apparatus on a cart attached to an electrical cord 50 m long to provide power for CNP. During each walk, the patient was continuously encouraged to walk as quickly as possible. At the end of each 6 min walk, respiratory rate (RR), heart rate (HR) and oxygen saturation were measured immediately. The modified Borg scale (9) was used to measure dyspnea at the beginning and end of each of the walk tests.
Because the patients served as their own control, repeated measures ANOVA was used for statistical analysis (InStat, GraphPad Software Inc, USA). In addition to the 6 min walk, a multiple comparison was performed after the test to reduce the overall chance of a spurious significant difference. A Tukey-Kramer multiple comparison test and Bonferroni multiple comparison test were also conducted. Group data are presented as mean ± SD.
RESUlTS
The patients' age ranged from 53 to 81 years ( Table 1 ). The baseline forced expiratory volume in 1 s (FEV 1 ) ranged from 19% to 66% of predicted (mean 31%). The forced vital capacity (FVC) as percentage predicted is reported, as is the ratio of FEV 1 /FVC. The most comfortable CNP ranged from −7 cmH 2 O to −33 cmH 2 O ( Table 2) . Two of the patients (1 and 6) used supplemental oxygen during each of the 6 min walk tests. The ∆FRC (as measured by the bag-in-a-box method) with the application of the most comfortable CNP ranged from −0.3 L to 0.4 L. The ∆IC ranged from −0.1 L to 0.3 L. Because a stable baseline breathing pattern for FRC could not be attained in patients 1 and 8, ∆FRC and ∆IC could not be measured in these patients.
There was no change in oxygen saturation among the three ventilation modes at the end of each of the 6 min walk tests (Table 3 ). RR and HR decreased with the application of CNP compared with sham, but not control CNP, and there was no difference between sham and control.
With respect to the 6 min walk test, all statistical analyses produced the same results. The distance travelled during the 6 min walk test was significantly increased with CNP compared with control and sham CNP (mean of 313 m versus 257 m and 246 m, respectively [ Figure 2] ). There was no significant difference in the walk distance between sham CNP and control (Table 3 ). There were no significant differences in the Borg scale for dyspnea at the end of each of the walks.
DiSCUSSiOn
In the present pilot study, we demonstrated that patients were able to walk further with CNP than without. Without CNP involved either wearing the shell and jacket (with a sham CNP applied) or not wearing the shell and jacket. The distance walked with the sham CNP was the shortest (perhaps related to the weight of the shell and jacket), although this was not statistically different from not having a shell and jacket applied. The level of dyspnea at the end of each walk test was the same regardless of whether CNP was applied. Presumably, this is related to the fact that CNP application resulted in a greater distance walked in the 6 min period for the same dyspnea level. RR and HR were both reduced at the end of the walk only when CNP was applied.
In the current study, we did not measure expiratory muscle activity, which has been shown to occur with the application of CPAP during exercise (4, 10) . Furthermore, we did not measure actual PEEPi. We used negative pressure under the shell at a level at which the patient subjectively felt most comfortable with respect to breathing at rest. The CNP ranged from -7 cmH 2 O to -33 cmH 2 O. In all patients in whom a stable FRC baseline was attained, there were minor changes in FRC with CNP. This implied that the application of CNP did not result in significant hyperinflation and that PEEPi was probably present. If a patient did not have PEEPi, the application of CPAP and CNP would ordinarily cause hyperinflation (11) (12) (13) . The decrease in respiratory rate that occurred with CNP could also have resulted in a decreased PEEPi (4, 5) .
These results were similar to those obtained when CPAP was applied during exercise in COPD patients with PEEPi (6, 11) . The increase in distance walked with CNP versus control was 22% (mean 56 m) while the increase in bicycle endurance with CPAP versus control was 48% (6) . A hypothetical diagram explaining how CPAP functions relative to CNP is shown in Figure 1 . CPAP reduces the threshold load imposed by PEEPi, while CNP would cause PEEPi to be closer to atmospheric pressure. In both cases, the inspiratory work of breathing would be reduced.
These results should be interpreted with caution because only a small number of patients were studied, and the fact that the investigator encouraging the patient to 'walk as quickly as possible' was not blinded to whether sham CNP or true CNP was applied. Patients did not practice the 6 min walk test before the actual experiment day because it was anticipated that randomization of the order of the walk tests would eliminate any 'learning effect' (14) . In addition, CNP was chosen at a level at which the patient was most comfortable breathing at rest. It is possible that the amount of negative pressure could have been further optimized during exercise because PEEPi may increase with exercise and RR (4, 5) . It is uncertain whether CNP impedes expiration. To the extent that dynamic collapse of the airways might occur in COPD during expiration, this would minimize any effect of the CNP impeding expiration (15) .
CNP with a shell and jacket is hemodynamically different from CNP using an 'iron lung'. When the entire body is enclosed in a subatmospheric chamber with the airway opening exposed to atmospheric pressure, it is equivalent to positive pressure. In an iron lung, only the head and airway opening are exposed to atmospheric pressure. This situation more closely resembles positive airway pressure than that of negative pressure surrounding only the chest wall and upper abdomen. We previously showed that with positive pressure ventilation with positive end-expiratory pressure, that the reduction in cardiac output was similar to iron lung negative pressure ventilation with negative end-expiratory pressure, unlike grid and wrap ventilation negative-pressure ventilation with a negative endexpiratory pressure (16) . Thus, CNP with a shell and jacket differs from a iron lung not only with respect to hemodynamics, but also to the potential mechanism of reducing the threshold load in COPD as shown in Figure 1 .
The results of the present pilot study are provocative, and CNP may prove to be a new method of enabling COPD patients to increase their exercise capability. A larger study needs to be performed with actual measurements of PEEPi. If the results are similar to the current study, technology to provide a portable source of energy can be developed and, with construction of a lightweight shell and jacket, engineered to provide CNP for COPD patients during exercise. 
DiSClOSURE

